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Abstract 


Sections 


SARS-CoV-2 viral load and detection of infectious virus in the respira- 
tory tract are the two key parameters for estimating infectiousness. 

As shedding of infectious virus is required for onward transmission, 
understanding shedding characteristics is relevant for public health 
interventions. Viral shedding is influenced by biological characteristics 
of the virus, host factors and pre-existing immunity (previous infec- 
tion or vaccination) of the infected individual. Although the process of 
human-to-human transmission is multifactorial, viral load substantially 
contributed to human-to-human transmission, with higher viral load 
posing a greater risk for onward transmission. Emerging SARS-CoV-2 
variants of concern have further complicated the picture of virus shed- 
ding. As underlying immunity in the population through previous infec- 
tion, vaccination or a combination of both has rapidly increased ona 
global scale after almost 3 years of the pandemic, viral shedding pat- 
terns have become more distinct from those of ancestral SARS-CoV-2. 
Understanding the factors and mechanisms that influence infectious 
virus shedding and the period during which individuals infected with 
SARS-CoV-2 are contagious is crucial to guide public health measures 


and limit transmission. Furthermore, diagnostic tools to demonstrate 
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Introduction 
At the end of 2019, a novel coronavirus emerged, later termed severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is the 
causative agent of coronavirus disease 2019 (COVID-19). SARS-CoV-2 
primarily targets multiciliated cells inthe upper respiratory tract (URT), 
but was also reported to infect cells outside the URT’. It can spread 
tothe lower respiratory tract (LRT), where it infects alveoli, leading to 
reduced gas exchange, inflammation and pulmonary pathologies that 
are typical of COVID-19 (ref.’). Individuals who are infected shed the 
virus through the URT, with emission of infectious virus leading to 
secondary transmission and thus further spread of the virus. 
Because of their nonspecific clinical presentation, precise diag- 
nostic tools are needed to identify SARS-CoV-2 infections. Specific 
real-time PCR (RT-PCR) assays were quickly available after the emer- 
gence of the virus, later followed by antigen-detecting (rapid) diag- 


nostic tests (Ag-RDTs) and serological assays. Although detection of 
In the absence of a diagnostic test, infectiousness 
is often established using one of two proxies: the presence of viral 


RNA above a defined cycle threshold (Ct) value, or a positive Ag-RDT. 
RT-PCR is a useful tool for initial diagnosis, whereas Ag-RDTs can serve 


as an indicator for ending the isolation period. This is because viral 
‘the absence of infectious virus, whereas positivity of Ag-RDTs better 


correlates with the presence of infectious virus. 

Aside from the respiratory tract, SARS-CoV-2 RNA has been 
detected in peripheral blood, stool, urine and ocular secretions®”’. 
Virus isolation from non-respiratory specimens was unsuccessful in 
most studies**”, with very few reported cases of infectious virus pres- 
ence in non-respiratory specimens”. Furthermore, viral loads from 
respiratory tract samples were found to be much higher than from other 
materials, the latter often with RNA viral loads that are incompatible 
withthe presence of infectious virus. Such specimens are not considered 
relevant for transmission and therefore, we concentrate on SARS-CoV-2 
virus shedding only through the respiratory tract. 

Here, we elucidate the relationship between SARS-CoV-2 viral 
load and infectious virus presence, the biological and host factors 
that determine infectious virus shedding, measurement of infectious 
virus and the role diagnostics can have as a proxy for infectious virus 
shedding. 


Measuring SARS-CoV-2 viral load 

The gold standard for laboratory diagnosis of a respiratory tract infec- 
tion is demonstration of viral RNA witha virus-specific (semi-)quanti- 
tative RT-PCR from material collected from the respiratory tract. The 
most commonly used materials are swab specimens from the nasophar- 
ynx or oropharynx, but swabs of the nasal cavity, saliva or gargled liquid 
solution have also been suggested as alternative materials, with the 
advantage of being aless uncomfortable procedure for the participant. 
Viral load as determined by RT-PCR is either expressed as the number 
of viral RNA copies per millilitre of viral transport medium or per swab, 
or by the arbitrary test-specific Ct value. By contrast, infectiousness 
is determined by qualitative or quantitative assessment of infectious 
virus in a clinical specimen by replication of virus in cell culture. The 
limitations to measuring viral shedding are described in Box 1. In this 
Review, we refer to viral particles that can cause infection as infectious 
virus, and to viral RNA levels (which are widely used as surrogates for 
infectious virus) as viral load. 


Detection of infectious virus 


‘isolation (Fig. 1). 

Inthe case of SARS-CoV-2, various cell lines and primary cells can 
be used for virus isolation, including those that express angiotensin- 
converting enzyme 2 (ACE2; the receptor required for virus entry) or 
transmembrane protease 2 (TMPRSS2; whichis also important for virus 
entry)*. A cell line derived from African green monkey kidney cells, Vero 
E6, is commonly used for virus isolation, propagation and titration”. 
Other human cell lines that have been successfully used for SARS-CoV-2 
isolation are a colorectal adenocarcinoma cell line (Caco-2), a lung 
adenocarcinoma cell line (Calu-3), a lung adenocarcinoma cell line 
ectopically overexpressing ACE2 (A549) and a human hepatocellular 
carcinoma cell line (Huh7)!°”. 

The presence of infectious virus inthe cell culture is qualitatively 
assessed using light microscopy, which can be used to identify cells 
undergoing the cytopathic effects (and death) caused by SARS-CoV-2 
infection, consisting of syncytium formation, cell rounding, detach- 
ment and degeneration”. Infection is usually confirmed by a second 
method, either by a specific RT-PCR for viral RNA from the supernatant 
of infected cells, indicating virus replication by an increase of viral load 
over time in comparison to the baseline sample, or by immunostaining 
for viral proteins’. 

This qualitative measurement of virus presence cannot, however, 
quantify the infectious virions in the inoculated specimens, although 
samples with lower viral load commonly show delayed development 
of acytopathic effect”. Instead, methods suchas plaque assays, focus- 
forming assays or 50% tissue culture infectious dose (TCID;,) can be 
used to quantify infectious virus in a patient sample. 

The above methodologies are reliable tools to detect infectious 
virus in clinical specimens of individuals who are infected with SARS- 
CoV-2, although there are limitations. Detection of viable virus parti- 
cles is highly influenced by the quality of the sample, and infectious 
viral particles can quickly lose their infectiousness in unsuitable 
storage conditions. To preserve infectious virus in specimens, swab 
samples from patients infected with SARS-CoV-2 should be immedi- 
ately submerged in a viral transport medium suitable for cell culture 
and stored at -80 °C as early as possible after collection. Prolonged 
exposure to higher temperatures or repeated freeze-thaw cycles can 
drastically influence the quality of the sample, leading to potentially 
complete loss of infectious viral particles. Therefore, many factors 
can influence the reproducibility of the results between different 
laboratories. Furthermore, cell lines used for isolation can show a 
high variability between laboratories even when they are presum- 
ably the same. Consumables used during cell culture, suchas culture 
medium or additives suchas fetal bovine serum and antibiotics, could 
potentially also impact virus isolation success. In human primary 
airway epithelial cells, which mimic the primary site of entry in the 
human respiratory tract, the probability of isolating infectious virus 
was reduced compared with that of Vero E6 cells, indicating that infec- 
tious virus determined using Vero E6 cells might be overestimated for 
assessing transmission risks in vivo”. 

Importantly, all cell culture work with SARS-CoV-2 is done under 
biosafety level 3 conditions, so only specially trained personnel in labo- 
ratories with advanced infrastructure can perform these experiments. 
Thus, detection of viable virus through virus isolation is not suitable 
for diagnostics and is restricted to research only. 
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Box 1 


Limitations to measuring viral load 


Specimen selection site 

The anatomical site chosen to collect the swab specimen for 
detection of SARS-CoV-2 might influence viral load detection. 
Higher RNA viral load was reported from nasopharyngeal than 
oropharyngeal swabs”*"*"*". As a result, nasopharyngeal samples 
show the highest diagnostic accuracy compared with other upper 
respiratory tract samples’. Similarly, higher virus isolation success 
was reported from nasopharyngeal swabs than from saliva, nasal or 
sublingual swabs. However, another study found higher RNA viral 
loads in the throat and sputum than from nasal swabs*°. Two studies 
indicate that virus can be detected earlier in the throat” or saliva’, 
but reaches significantly higher levels and remains detectable for 
longer in the nose****. A meta-analysis, which evaluated different 
clinical sampling methods using nasopharyngeal swab as a 
reference, demonstrated that pooled nasal and throat swabs showed 
the best diagnostic performance’. Notably, this analysis revealed 
higher heterogeneity of results in studies using nasal or saliva 
specimens than using pooled nasal and throat swabs'®. 

The effect of the swabbing method (self-administered or performed 
by trained person) on measured viral loads cannot be overlooked: 
the sensitivity of antigen-detecting (rapid) diagnostic tests achieved 
by health-care professionals was higher than for self-tests™®*. 


Impact of individual infection kinetics 

To date, there is a limited number of studies that describe the 
longitudinal dynamics of SARS-CoV-2 shedding”**’. Most of 

the studies used only a single time point to collect respiratory swabs 
from individuals who were infected for measurement of viral load. 


Detection of RNA viral load 

Techniques for detecting viral RNA by RT-PCR were quickly established 
at the beginning of the pandemic” (Fig. 1). The high specificity and 
sensitivity of RT-PCR make it the gold standard for diagnosing SARS- 
CoV-2 infections. Quantitative RT-PCR assays provide a Ct value, which 
is inversely correlated with the concentration of the target viral RNA in 
the clinical sample (that is, the higher the value, the lower the target RNA 
in the sample). By using an external standard with a defined number 
of RNA copies, Ct values can be transformed into absolute viral RNA 
copy numbers or international units per millilitre of viral transport 
medium or per total swab. 


‘sought. Several studies have attempted to correlate the quantity of 
viral RNA with infectiousness by isolating virus across a range of Ct 
values. Indeed, there was a stepwise decrease in the probability of 
virus isolation with increasing Ct values in samples collected during 
the first 8 days post-onset of symptoms (dpos 


jes 


‘RNA viral load waslowand that viral load (or Ct values as a proxy) is only 


As a result, different times from symptom onset can be a confounding 
factor when comparing viral load between different patients, which 
might also explain the variation of available data on viral load. 


Influence of epidemic period 

RNA viral loads across the specimens collected at single time points 
were found to indicate the trajectory of the epidemic, as a high 
proportion of individuals who were recently infected with low cycle 
threshold values correlates with a higher reproduction number, 
indicative of a growing epidemic”. Similarly, the rise and fall of 
RNA viral load correlated with the number of COVID-19 cases and 
hospital admissions across the population as it was identified using 
SARS-CoV-2 RNA measurement in wastewater samples'”°. Moreover, 
variation in estimates of the mean incubation period was shorter 
before the epidemic peak in China than after the peak'*”. Therefore, 
sampling at single time points can be biased by the epidemic period 
and might reflect more epidemiological dynamics than individual 
shedding kinetics. 


Influence of SARS-CoV-2 variant of concern 

Available data on SARS-CoV-2 variants of concern demonstrated 
that, although the overall pattern of viral load dynamics is conserved 
between the variants, infection with different SARS-CoV-2 variants of 
concern led to highly distinct infectious virus amounts and RNA viral 
loads?°*9°799°2.°4 and variations in SARS-CoV-2 incubation period". 
Therefore, extrapolation of our understanding from shedding of 
current or earlier SARS-CoV-2 variants to newly emerged variants 
may be of only limited value. 


aweak predictor of infectious virus presence in the first 5 dpos*?°**», 


Furthermore, when taking a certain Ct value or RNA copy number as 
athreshold, it is not possible to determine whether the RNA viral load 
is increasing or already decreasing; therefore, a low viral load could 
be measured at the end of infection or in the early (pre-)symptomatic 
phase before reaching peak viral load. 

Ina routine diagnostic context, analytical sensitivity and limits 
of detection may vary between the tests and laboratories where they 
are applied. An analytical performance comparison between different 
RT-PCR assays showed variation between the measured Ct values and 
the detection rate”. Therefore, application of RNA standards and cal- 
culation of RNA genome copy number based on a standard curve can 
improve comparability between laboratories and assays. To facilitate 
easier calibration and control of nucleic acid amplification techniques, 
an international standard with assigned potency in the form of an 
inactivated SARS-CoV-2 isolate was introduced by the World Health 
Organization (WHO)”. 

As with the detection of infectious virus, several other parameters 
can influence whether viral load can be detected. The site of specimen 
collection can impact the findings on viral load; although some studies 
report higher RNA viral load in nasal or nasopharyngeal swabs**”’, others 
show higher RNA viral load in throat samples”. Moreover, the transport 
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Fig. 1 | Methods to measure infectious virus and RNA viral load. Swab 
specimens from the nasopharynx or oropharynx are used for detection of 
SARS-CoV-2 viral loads. Detection of viral nucleic acids (RNA) is performed by 
quantitative real-time PCR (qRT-PCR). Viral RNA is extracted from lysed virus, 
reverse transcribed and amplified by qPCR using primers specific for one or more 
target regions in the viral genome. The amplification cycle at which samples 
cross the threshold (cycle threshold) defines the amount of viral RNA. RNA 
viral load can be expressed as the number of viral RNA copies per millilitre, or 
by the arbitrary test-specific cycle threshold value. Lateral flow assays detect 
the presence of specific viral proteins in the lysed viral particles. SARS-CoV-2 
nucleocapsid is used in most antigen-detecting (rapid) diagnostic tests. The 
presence of infectious (replication-competent) virus in respiratory specimens 
can only be determined by the recovery of virus in cell culture by isolation or 
by quantification of infectious virus titres using 50% tissue culture infectious 


Staining with 
virus-specific 
antibody 


Plaque-forming assay 


OOO 
OOO 
OSS 
|0900 


— 


2-3 days 


Crystal-violet- 
stained plaques 


dose (TCID;o), focus-forming assays or plaque-forming assays. Virus isolation is 
performed by applying infectious medium on the monolayer of cells; isolation 
success is determined by the presence of a cytopathic effect approximately 

3-5 days post-infection. White colour indicates the presence of a cytopathic 
effect in cells. For quantification of infectious virus titres, serial dilutions of 
respiratory samples are performed and used for inoculation on the monolayer 
of cells. In TCID;o, 3-5 days post-infection, viral-induced cytopathic effect is 
classically defined using microscopy. In focus-forming assays, cells are fixed 1 day 
post-infection and immunostaining with virus-specific antibodies is performed 
to detect groups of infected cells (foci). The foci, indicating the presence of 
infectious virus, are displayed in blue. In plaque-forming assays, plates are fixed 
2-3 days post-infection and stained with crystal violet; wells with individual 
plaques are used to determine viral titres. The plaques, indicating the presence 
of infectious virus, are displayed in white. 
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media used for the sample, storage condition and quality of the sample 
may further influence the detection of viral RNA and their usefulness 
and limitations when extrapolating to potential infectiousness. 

Although new variants have impacted some gene targets, in most 
instances, they did not have a major effect on molecular diagnostics, 
owing to the use of dual-target assays (in which at least two viral genes 
are detected simultaneously)”. 


Antigen-detecting rapid diagnostic tests 

Most lateral flow tests are designed to detect SARS-CoV-2 nucleocapsid 
protein, as a proxy for infectious virus, in nasal or nasopharyngeal 
swabs” *° (Fig. 1). Indeed, most studies on Ag-RDT detection show good 
concordance with RT-PCR positivity when Ct values are below 25-30, 
a viral load compatible with the presence of infectious virus, whereas 
higher Ct values give less reliable results”. 

Early time points during infection often give negative results with 
Ag-RDT in individuals who have tested positive by PCR””*. On average, 
the first positive Ag-RDT results are obtained about 1-2 days later 
than positive PCR results”, whereas the highest sensitivity in patients 
was shown during the first 7 dpos in the studies with ancestral SARS- 
CoV-2 (refs.’?"“). Antigen tests show highest sensitivity for specimens 
containing infectious virus and with Ct values below 25 (refs.**"*’), 
and their positivity highly correlates with the presence of infectious 
virus’, By contrast, Ag-RDTs are less sensitive to low RNA viral 
loads (which have higher Ct values)". Several studies have demon- 
strated a strong correlation between Ag-RDT positivity and the period 
in which infectious virus can be detected, indicating that Ag-RDTs can 
add an additional safety layer for deciding when to end isolation”? . 

However, some inconsistencies between studies and tests have 
been noted. For instance, there have been reports (across a range of 
studies and Ag-RDTs) of failure to detect viral antigens in specimens 
with a low Ct value and/or containing infectious virus (beyond the 
early acute phase)***°. Moreover, there are seldom reports of Ag-RDTs 
remaining positive after more than 10 dpos*”***’. As most studies failed 
to isolate infectious virus after more than 10 dpos, it remains unclear 
whether Ag-RDT positivity beyond 10 dpos correlates with infectious 
virus shedding. One study showed that antigen tests predict infectious- 
ness more accurately at 1-5 dpos, than at 6-11 dpos”. Notably, there 
was a good correlation between Ag-RDT positivity and infectious virus 
isolation within the first 11 dpos™. 

Conflicting results were found for sensitivity and specificity of 
Ag-RDTs for detection of SARS-CoV-2 variants, with large variations 
between manufacturers, the type of setting in which the Ag-RDTs were 
used (self-tests versus tests collected by a health-care professional) 
and the type of sample used for detection (nasal versus oral)°?°”. With 
increasing hybrid immunity and the presence of mucosal antibodies, 
Ag-RDTs may further lose sensitivity”. 


Viral load and shedding dynamics 

Viral loads are used as a proxy to characterize infectious viral shedding. 
The exact time for which individuals remain infectious is laborious to 
estimate and is likely to vary between patients. Viral factors, such as 
viral variant, and host factors, such as patient age and sex and immune 
status, influence shedding dynamics. 


Viral load as a key determinant of viral shedding 

After the emergence of SARS-CoV-2 in late 2019, the first details on 
viral load and infectious virus shedding were measured in a cluster 
of infections that occurred in January 2020 in Germany, assessing 


nine immunocompetent individuals with a mild course of disease’. 
Peak RNA viral loads were reached in the early symptomatic period at 
5 dpos, a finding that was confirmed by other studies reporting peak 
viral loads at the time of symptom onset or even shortly before*””*”. 
RNA viral loads gradually declined over the course of the disease in the 
nasopharyngeal and throat swabs, reaching low or undetectable levels 
2 weeks after symptom onset*”*>” (Fig. 2). Declining RNA viral load is 
associated with resolution of clinical symptoms and gradual increase 
in antibody titres, for both binding and neutralizing antibodies’*”’. 
However, ongoing detection of viral RNA has been described for pro- 
longed periods up to 28 dpos in otherwise healthy individuals”, and 
some studies have reported low-level detection of RNA by RT-PCR even 
for months™. Participants who continue to shed viral RNA for more 
than 4 weeks after initial detection by RT-PCR represent a minority of 
non-severe cases, estimated to be around 3%”, 14% or less than 20%”. 
Infectious virus shedding of the ancestral SARS-CoV-2 strain, as 
determined by virus isolation in cell culture, was reported to correlate 
with high RNA viral load in the early acute phase after symptom onset”. 
Importantly, daily longitudinal sampling of respiratory specimens 
from individuals with mild disease or asymptomatic infection revealed 
that infectious virus can already be detected before the onset of symp- 
toms”. Successful infectious virus isolation was reported within the 
first 8-10 dpos, but culture probability after this time period rapidly 
declined*’””*”**°°”, Studies that assessed infectious virus quantitatively 
found that infectious virus titres declined over the first 10 dpos**”’. In 
addition, areduced chance of virus isolation coincided with the time of 
seroconversion in hospitalized patients and, as a result, infectious virus 
could no longer be isolated from seroconverted patients with detect- 
able antibody titres’*°*°. Although similar seroconversion studies 
performed on mildly symptomatic patients are missing, the number of 
immunologically naive individuals is declining and this broadly existing 
underlying immunity makes such an assessment more complex. 
Most studies on infectious virus shedding in the acute sympto- 
matic period were on immunocompetent patients that had mild-to- 
moderate disease, representing the majority of COVID-19 cases inthe 
community. Therefore, the assessment of the presence of infectious 
virus in the URT from those studies was used to define the duration 
of the period of infectiousness and contributed to best public health 
practices for isolation and quarantine®”°. Although the pattern of 
infection is broadly similar in patients with mild and severe disease, 
key differences do exist. The first week of illness is comparable in terms 
of RNA viral load between patients with mild and severe disease. How- 
ever, patients with severe disease have elevated RNA viral loads in the 
second week of illness, and RNA was detected for prolonged periods”. 
Moreover, infectious virus was recovered from hospitalized patients 
for prolonged periods of up to 32 dpos'*’””; however, the median time 
from symptom onset to viral clearance in culture was similar to that 
of patients with mild or moderate disease'’*”’. Severe COVID-19 is also 
characterized by high and persistent RNA viral loadin the LRT, whereas 
non-severe cases have similar viral loads in the URT and LRT”. 
Prolonged detection of viral RNA was also reported in immuno- 
compromised patients; for example, 224 days after the beginning of 
the infection, virus was still detected ina man infected with HIV, includ- 
ing the detection of subgenomic RNA (sgRNA) indicating active viral 
replication”. Also, infectious virus was recovered up to 61 dposinnaso- 
pharyngeal swabs collected from immunocompromised patients”, 
and low RNA viral loads were still detected at 60 dpos in another 
study”. Infectious virus was isolated from bronchoalveolar fluids 
from patients receiving chimeric antigen receptor (CAR) T cell therapy 
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Fig. 2 | Kinetics of RNA viral loads and infectious virus for ancestral 
SARS-CoV-2 in patients with mild-to-moderate disease. According to different 
studies, the incubation period for ancestral SARS-CoV-2 was estimated to lie 
between 4.6 and 6.4 days. On average, symptoms continue to persist for 10 days. 
RNA can already be detected before the onset of symptoms; RNA levels peak 
around the onset of symptoms and then gradually decline. Median clearance 

for RNA viral load is 16 days post-onset of symptoms. Infectious virus titres are 
highest around symptom onset, and infectious virus can be isolated up to 8 or 

10 days post-onset of symptoms. RNA can be detected for prolonged periods 


by real-time PCR, when infectious virus is no longer detectable, whereas virus 
detection by antigen-detecting (rapid) diagnostic tests (Ag-RDTs) was shown 

to be a better correlate for infectiousness. Gradients reflect variability between 
individuals (lighter shade towards the end of infection shows that viral loads 
continue to be detected in some but not all individuals). The grey dashed line 
marks the initial infection, the blue dashed lines mark the PCR-positive period 
and the red dashed lines mark Ag-RDT positivity. Details of the underlying studies 
used to generate Fig. 2 can be found in Supplementary Table 1. 


up to 28 days after admission to an intensive care unit”. A case report 
on an immunocompromised patient showed isolation of infectious 
virus up to 78 dpos”’. The reports of infectious virus isolation from 
severely ill or immunocompromised patients are limited (owing to 
the low number of patients), so it is difficult to define the proportion 
of cases with prolonged shedding. 

The characteristics of viral shedding of other respiratory viruses 
are outlined in Box 2. 


Viral shedding of SARS-CoV-2 variants 
Viral evolution of SARS-CoV-2 over time has led to the emergence of 
numerous variants. Combined with increasing population immunity 
due to vaccination or natural infection, this has led toa need to reassess 
our knowledge of viral shedding patterns. 

The WHO designated variants as variants of concern (VOCs) if they 
were associated with one or more of the following: elevated transmis- 
sibility or a detrimental change in COVID-19 epidemiology; increased 
virulence or a change in clinical disease presentation; or decreased 
effectiveness of public health measures or available diagnostics, vac- 
cines or therapeutics*®’. To date, five VOCs are recognized: Alpha, Beta, 
Gamma, Deltaand Omicron. In contrast to ancestral SARS-CoV-2, VOCs 
display some differences in evasion from immunity, viral loads, shed- 
ding period or even incubation period, resulting in drastically different 
levels of transmission® ® (Fig. 3). 

All VOCs have shown changes in viral load compared with ancestral 
SARS-CoV-2. One study reported that infection with Alpha leads to 
approximately tenfold higher RNA viral load and an increased prob- 
ability of cell culture isolation compared with the ancestral virus®°. 


However, another study did not find a substantial difference in the 
infectious virus titre between Alpha and ancestral SARS-CoV-2 (ref.”). 
Delta reportedly led to an even higher increase in RNA viral load: one 
study reported a 1,000x increase relative to the ancestral virus”, and 
other studies reported 1.7x (ref.°°) or 6.2x higher’? viral load than Alpha. 
Furthermore, Delta demonstrated elevated probability of cell culture 
isolation”’ and higher infectious virus titres than Alpha”. Although 
Omicron was shown to be highly transmissible, lower RNA viral loads”, 
lower cell culture isolation probability” and lower infectious virus 
titres” were observed in patients infected with Omicron BA.1 than in 
those infected with Delta. Even within the Omicron clade, there are 
differences between sub-lineages, with infection with Omicron BA.2 
leading to higher levels of RNA viral loads and longer time to viral 
clearance than with Omicron BA.1 (refs.”* 6). 

Similarly, VOCs have shown differences in the duration of viral 
shedding. Analysis of Ct values in respiratory specimens found that 
Delta showed longer persistence of viral RNA than ancestral SARS- 
CoV-2 (ref.”). Another study demonstrated that there was not signifi- 
cant difference in the mean duration of viral RNA presence in Delta and 
Omicron BA.1 infections”. The duration of infectious virus shedding 
appears to be similar to that observed with ancestral SARS-CoV-2, with 
culturable virus obtained at 5 dpos® and no replication-competent 
virus isolated beyond 10 dpos in patients infected with Delta and Omi- 
cronBA.1(refs.**”%), It is important to note that pre-existing immunity 
to SARS-CoV-2, either from infection or vaccination, might influence 
the duration of infectious virus shedding (alongside immune status and 
disease severity, as discussed above), which may have driven some of 
these differences during the course of the pandemic. 


Nature Reviews Microbiology 


Review article 


Influence of age and sex on viral shedding 

There is some evidence that age-associated and sex-associated dif- 
ferences in innate and adaptive immunity, as well as higher ACE2 
expression in adults than in children, result in an increased risk for 
severe disease in older male patients” ‘°". Moreover, a few studies have 
found that age and sex influence viral loads and shedding dynamics. 
In cases of infection with ancestral SARS-CoV-2, resolution of RNA 
shedding was faster in participants <18 years of age and slower in 
participants >50 years of age”. According to one study, viral RNA can 
be detected for longer times in male patients infected with ancestral 
SARS-CoV-2 (ref.!”), and RNA viral loads were elevated in male patients 
infected with either Alpha or Delta variants compared with female 
patients**. However, a possible association of viral load dynamics with 
age or sex is highly debated, as other studies demonstrated that they 
have no influence on infectious virus” or RNA viral loads”. 


Box 2 


Early studies in ancestral SARS-CoV-2 did not find a difference 
in virus isolation success” or RNA viral loads between children and 
adults!°*°° but sample sizes were small. Slightly lower RNA viral loads 
and amore rapid clearance of viral RNA was observed in children than 
in adults when analysing much larger cohorts, whereas the patterns of 
shedding curves over time were similar between children and adults”. 
Furthermore, large-scale analysis of viral loads across different age 
groups showed no differences of distribution of RNA viral load between 
children and adults’ or only slightly lower viral loads (<0.5log,, units) 
in children <5 years of age’. 


Symptoms as a correlate for shedding 

One of the key epidemiological parameters for SARS-CoV-2 transmis- 
sion is the incubation period, defined as the time from exposure or 
infection to the onset of symptoms. Studies on ancestral SARS-CoV-2 


Shedding of respiratory viruses 


The dynamics of viral shedding differs between respiratory viruses, 
which influences their transmission and has an effect on diagnostics 
and measures applied to contain the outbreaks. 


SARS-CoV 

The epidemic of severe acute respiratory syndrome coronavirus 
(SARS-CoV) started in November 2002 in the Guangdong 

province of China and rapidly spread outside China. The virus 

was airborne and could also be spread via droplets of saliva, but 

is only moderately transmissible among humans. Only low viral 
loads were detected in the early symptomatic period, generally 
peaking in the upper respiratory tract (URT) around 10-14 days post- 
onset of symptoms (dpos)'**"°°, and then dropping to low levels at 
3-4 weeks post-infection". In patients infected with SARS-CoV, viral 
RNA was detectable for a maximum of 8 weeks in samples collected 
from the URT™' and for 52 days in sputum samples”, whereas 
infectious virus was isolated up to 28 dpos from stool and respiratory 
specimens and up to 36 dpos from urine samples". SARS-CoV 
replicated less efficiently at low temperatures; thus, virus replication 
was more efficient in the lower respiratory tract (LRT) than in the 
URT™*. Notably, asymptomatic or pre-symptomatic viral shedding 
and transmission were not recorded for SARS-CoV"; the peaks 
of transmission occurred around 2 and 10 dpos'™. As a result, 
outbreaks were successfully contained through isolation of 
symptomatic patients infected with SARS-CoV, which reduced 
onward transmission’. 


MERS-CoV 

Middle East respiratory coronavirus (MERS-CoV) was isolated 

from a patient with pneumonia in Saudi Arabia in 2012 and was 
shown to be the causative agent of a cluster of severe respiratory 
tract infections in the Middle East'’’. The disease caused by 
MERS-CoV is characterized by a wide range of clinical severities 
and by predominantly respiratory symptoms, such as acute viral 
pneumonia, with a high case fatality ratio’. The virus is capable of 


airborne transmission and has low transmissibility among humans, 
with a maximum estimated reproduction number below 1 (ref."**). 
Higher RNA viral loads were detected in the LRT than in the URT. 
Estimated mean shedding duration is 15.3 days in the URT and 
16.3 days in the LRT™. Prolonged PCR positivity and higher RNA viral 
loads in the URT and LRT were associated with increased disease 
severity”. Viral RNA was also detected in the urine, stool and 
serum*”°. One study reported detection of viral RNA in the blood 
for 34 days and showed that presence of viral RNA in the blood is 
associated with higher mortality”; however, another study failed to 
isolate virus from PCR-positive serum samples*”°. 


Influenza virus 

In symptomatic patients, RNA viral loads start to be detectable 

by real-time PCR 2 days before the onset of symptoms and peak 

at 1 dpos*”’. Human challenge trials with influenza A viruses show 
that viral loads already sharply increase at 1 day post-inoculation, 
reach a peak at 2 days post-inoculation and become undetectable 
at 8 days post-inoculation. The mean duration of viral shedding for 
influenza viruses is 4.8 days, and the maximum duration is between 
6 and 7 days****™. Kinetics of infectious viral titres were similar to 
the viral load trends detected by real-time PCR for different strains 
of influenza*°°. Lower RNA viral loads and shorter infectious viral 


shedding were noted in asymptomatic patients”. 


Human respiratory syncytial virus 

This virus is the most frequent causative agent of LRT infections, 
leading to morbidity and mortality particularly in young children 

and older adults”°°. The virus is transmitted by contact with nasal 
secretions or large aerosols. Viral loads and symptoms increased 
simultaneously, reaching a peak at 5.4 days”. In human challenge 
trials, respiratory syncytial virus titres were detectable for an average 
of 4.6 days. Viral RNA could be still detected up to 9 dpos, whereas 
infectious virus titres could be detected from 1 to 8 dpos in adults?” 
and up to 9 dpos in children”’”’. 
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Fig. 3 | Infectious viral load and symptom onset in SARS-CoV-2 Delta and 
Omicron BA.1 variants of concern. Overall patterns of shedding dynamics are 
conserved between SARS-CoV-2 variants. In comparison to ancestral SARS- 
CoV-2, Delta and Omicron BA.1 have shorter incubation periods, estimated as 
approximately 3.7-4 days for Delta and approximately 3-3.4 days for Omicron 
BA.1. Higher infectious viral loads were detected in patients infected with Delta 
than in patients infected with Omicron BA.1 or ancestral SARS-CoV-2. Only 


a limited number of studies have determined when virus shedding for Delta 

and Omicron BA.1 ends, so this time point is not well defined. Owing to the low 
number of studies comparing the end of the infectious period between different 
SARS-CoV-2 variants of concern, the end point of infectivity is not well defined 
(shown as a colour gradient). Details of the underlying studies used to generate 
Fig. 3 can be found in Supplementary Table 2. 


have estimated that the incubation period on average is between 4.6 
and 6.4 days?" (Fig. 2). A human challenge trial with ancestral 
SARS-CoV-2 demonstrated that symptoms start to appear 2-4 days 
after inoculation, and RNA viral loads reach their peak 4-5 days after 
inoculation”. Thus, artificial inoculation of the virus confirmed the 
timing of peak viral loads observed in naturally infected individuals, 
whereas onset of symptoms was faster in the human challenge cases. In 
contrast to natural infection, in artificial inoculation, virus-containing 
drops with high viral load are directly applied inthe nose and therefore 
reach the nasal epithelium more quickly, which might lead to the more 
rapid appearance of symptoms. For Delta, the estimated incubation 
period was between 3.7 and 4 days® ®°”’, whereas infection with Omi- 
cron BA.1 was characterized by an even shorter incubation period of 
3-3.4 days"? (Fig. 3). However, as the time point of infection is rarely 
known outside of human challenge trials, dpos is most commonly used 
when analysing viral load and infectious virus. 

Considering that high viral loads can be detected in the URT of 
infected individuals regardless of their clinical manifestations, the 
presence of symptoms is an unreliable indicator of infectiousness. 
Notably, individuals infected with SARS-CoV-2 can be infectious before 
the onset of symptoms”, and it was estimated that about half of sec- 
ondary transmissions take place in the pre-symptomatic phase". 
Moreover, according to population surveys, asymptomatic cases 
represent around 40% of all SARS-CoV-2 infections with ancestral 
SARS-CoV-2 (refs.">-"”), and tracing of close contacts of confirmed cases 
of SARS-CoV-2 found that up to 23% of infections were asymptomatic”. 

There are conflicting findings regarding viral shedding differ- 
ences in symptomatic and asymptomatic patients. Comparison of 
viral loads between symptomatic and asymptomatic patients remains 
challenging, as the time of exposure cannot be clearly identified in 
asymptomatic individuals, and dpos cannot be used when comparing 


viral loads with symptomatic individuals. Furthermore, individuals 
who donot show clinical symptoms at the time of testing can represent 
either true asymptomatic individuals or pre-symptomatic individuals 
who will develop symptoms later. Thus, only well-controlled studies 
with a follow-up of assessed individuals can make a clear distinction 
between pre-symptomatic and asymptomatic individuals. A study 
on ancestral SARS-CoV-2, which followed COVID-19 confirmed cases 
hospitalized for isolation and recorded symptoms daily, found similar 
initial Ct values between asymptomatic and symptomatic individu- 
als”’. Similarly, no significant difference in RNA viral loads between 
symptomatic and asymptomatic patients was found in other studies 
in which patients were followed longitudinally and the presence of 
symptoms was either monitored by health-care professionals”? or was 
self-reported’». By contrast, other studies, in which symptoms were 
also recorded by clinicians, reported lower RNA viral loads in asympto- 
matic participants’””"”’. In addition, one study founda faster clearance 
of viral RNA in asymptomatic than in symptomatic individuals’, and 
another recorded a longer median duration of viral RNA shedding 
among asymptomatic patients”. 

There are limited data regarding the presence of infectious virus in 
asymptomatic patients. One study showed lower virus isolation success 
from asymptomatic patients”, but only a small number of patients 
were included. Therefore, more studies evaluating infectious virus in 
asymptomatic patients would help to elucidate the differences in their 
infectivity compared with symptomatic patients. 


SARS-CoV-2 transmission 

Viral loads havea key role in the SARS-CoV-2 transmission. As previously 
discussed, host (role of vaccination or previous infection) and viral 
factors (SARS-CoV-2 variants) greatly influence viral load dynamics 
and therefore further influence viral transmission. 
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Influence of viral load on transmission 

SARS-CoV-2 can be transmitted via larger droplets and aerosols pro- 
duced when breathing, speaking, sneezing or coughing and to a lesser 
extend also by contaminated surfaces. As an infection can only be 
induced by infectious viral particles and not by remnant RNA or protein 
alone, the presence of infectious SARS-CoV-2 is required for secondary 
transmission. Although transmission is a multifactorial process that 
is also influenced, for example, by environmental and behavioural 
factors (such as humidity, air quality, exposure time or closeness of 
contact), the viral load of SARS-CoV-2 in the URT is considered to bea 
proxy for transmission risk. 

Anepidemiological study that included viral load analysis found 
that viral load of an index case strongly correlates with onward trans- 
mission, with higher viral loads for ancestral SARS-CoV-2 presenting a 
greater secondary attack rate risk”. In this study, viral load was identi- 
fied as the main driver of transmission, with a more pronounced effect 
in household settings than in non-household settings (hospitals and 
nursing homes, among others). Transmission probability peaks around 
symptom onset, when infectious virus titres are estimated to be the 
highest during the course of infection. As viral load decreases with 
time, the probability of transmission also gradually declines in cases 
of infection with ancestral SARS-CoV-2 (ref.!”°). On this note, a study of 
health-care workers infected with ancestral virus documented no 
transmission from index cases later than 6 dpos, which is in line with 
findings showing reduced virus isolation success towards the end of 
week 1 of symptomatic disease’””. 

However, there are limitations when using viral load of an index 
case as a proxy for transmission. To date, the infectious dose of SARS- 
CoV-2 required to lead to a secondary transmission is not yet known, 
and the association between presence of infectious virus in the respira- 
tory tract and infectiousness of the same individuals is poorly under- 
stood. In the only available human challenge trial that was conducted 
with ancestral SARS-CoV-2, an initial infectious dose of 10 TCID, did 
not lead to an infection in 16 of 36 participants”. Other factors, such 
as symptoms, type of contact, protective measures, vaccination sta- 
tus and other host factors may have an additionally strong effect on 
transmission”*’, 

Viral load can markedly vary between individuals (as a result of 
individual susceptibility and of immunity from previous infections or 
vaccination), which leads to differences in their propensity to transmit 
the virus. Indeed, differences have been observed in the duration of 
infectious virus detection and in nasal and oral viral loads for both 
ancestral SARS-CoV-2 and Alpha”. Inter-individual variability was sug- 
gested to have a role inthe observed heterogeneity of viral load dynam- 
ics, as some early immune signatures were significantly associated 
with higher oropharyngeal RNA viral loads in patients’. Therefore, 
observed heterogeneity between individuals has an important role in 
ongoing viral transmission”. 

Such differences can lead to heterogeneity in virus transmission. 
Modelling with ancestral SARS-CoV-2 and Alpha estimated that indi- 
viduals who are highly infectious, known as superspreaders, shed 
57-fold more virus over the course of infection than those with lowest 
infectiousness”. By contrast, most patients with COVID-19 do not 
infect other individuals as they expel few to no viral particles from 
their airways’. Indeed, only a minority (about 8%) of patients positive 
for SARS-CoV-2 infected with ancestral SARS-CoV-2 or Alpha have sig- 
nificantly higher infectious virus titres than the rest of the population 
(as shown in a study measuring virus isolation probability in a large 
cohort of patients)*°. Moreover, only 15%" to 19% of individuals that 


were infected led to 80% of secondary transmissions of ancestral SARS- 
CoV-2. Similar trends were confirmed for Omicron BA.1 and BA.2, for 
which only 9%’ to 20% of the infectious contacts were responsible 
for 80% of all transmissions. 

Superspreading events are therefore characterized by infectious 
individuals having close contact with a high number of susceptible indi- 
viduals and by a higher probability of transmission per contact. Aside 
from biological factors influencing these events, sociobehavioural and 
environmental factors contribute to the likelihood of superspreading 
(for example, large indoor gatherings with poor ventilation and no 
other infection prevention measures). Moreover, particular locations 
can representa higher risk of transmission (for example, many super- 
spreading events take place in crowded indoor settings, suchas cruise 
ships, family gatherings, parties, elderly care centres and hospitals)”. 


The role of pre-existing immunity on viral shedding and 
transmission 

All currently licensed SARS-CoV-2 vaccines are administered intramus- 
cularly, leading to arise in serum antibodies and protection from severe 
disease and death due to COVID-19, but not to long-term protection 
from infection“? “. The levels of circulating antibodies generated fol- 
lowing vaccination decline over time, but can be elevated by a booster 
dose", Furthermore, currently available vaccines were developed 
against the ancestral SARS-CoV-2 strain using the spike protein of the 
first sequenced virus, and the degree of protection from severe disease 
against other genetic variants was shown to vary”. Moreover, vaccina- 
tion leads to limited induction of neutralizing antibodies on mucosal 
surfaces, which may have a role in mitigating virus replication and 
prevention of more pronounced disease’*°”’’, For instance, secretory 
component antibodies, which are specific to mucosal surfaces, were 
detected in the saliva in 58% of participants 2 weeks post-vaccination 
with mRNA vaccines in one study, but the levels were significantly lower 
than in convalescent participants, and their neutralizing capacity sig- 
nificantly decayed 6 months post-vaccination™*. A study ona small 
group of individuals uninfected or infected with Delta demonstrated 
that mucosal antibody responses induced by vaccination were low or 
undetectable, but breakthrough infections led to substantial increases 
of antibody titres in saliva’. However, the role of pre-existing mucosal 
immunity on infectious virus shedding and the possible correlation 
between the mucosal antibodies and viral loads in humans has not 
been elucidated. 

As a result of waning antibodies and the emergence of VOCs with 
immune-evading properties, breakthrough infections have been 
increasingly reported among vaccinated individuals, mainly since 
the emergence of the Delta and Omicron VOCs. It has been debated 
whether vaccination with current SARS-CoV-2 vaccines impacts viral 
load (and therefore shedding) in breakthrough infections. The effect 
of vaccination on viral load and shedding is therefore of interest as it 
would mean that vaccination not only protects the vaccinee but can 
also help to mitigate virus spread by reducing infectious virus titres or 
shortening infectious shedding periods, thus having animpact beyond 
protection of the individual. 

Overall, vaccination has been found to lead to reduced viral load 
(Fig. 4), although this decreases with time. Vaccination with ChAdOx1 
vaccine (the Oxford-AstraZeneca vaccine) or BNT162b2 (the Pfizer/ 
BioNTech vaccine) leads to lower RNA viral loads in individuals infected 
with Alpha, but the effect was weaker for breakthrough infections with 
Delta®®**!, Immunization with BNT162b2 led to reduced RNA viral 
loads in Delta breakthrough infections, although this effect declined 
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Fig. 4 | Influence of vaccination on viral load. Similar RNA viral loads were 
detected in vaccinated and unvaccinated patients infected with the Delta 
variant of concern during the first 5 days post-onset of symptoms. However, 
faster clearance of viral RNA was shown in vaccinated patients. Infectious viral 
loads (IVLs) were significantly lower in vaccinated individuals and declined 


faster than in unvaccinated individuals infected with Delta. Dynamics of viral 
loads in vaccinated individuals may vary widely in case of infection with another 
variant. Details of the underlying studies used to generate Fig. 4 can be found 

in Supplementary Table 3. 


2 months after vaccination and ultimately faded 6 months after vac- 
cination’’. Immunization with ChAdOx] vaccine also led to a reduc- 
tion of RNA viral load in breakthrough infections with Alpha VOC’. 
Faster clearance of RNA viral loads was detected in the group of vac- 
cinated patients who mostly received mRNA vaccines**”, and lower 
probability of isolation of infectious virus from patients vaccinated 
with mRNA or adenoviral vector vaccines was observed’**”. Even 
though not all studies could demonstrate a reduction of RNA viral 
loads in Delta breakthrough infections»°"™, infectious virus titres were 
reported to be lower in individuals vaccinated with mRNA or adenoviral 
vector vaccines despite similar levels of viral RNA””*””. Vaccination was 
also found to influence infectious virus isolation. Viable virus in cell 
culture was detected for significantly longer median time periods in 
unvaccinated patients infected with Delta than in vaccinated patients 
infected with Delta” 


There are limited data on the effect of previous infection on viral 
shedding. A study performed on ancestral SARS-CoV-2 demonstrated 
lower RNA viral loads among seropositive individuals than among 
seronegative individuals’. Although higher levels of reinfection with 
Omicron BA.1 were demonstrated among unvaccinated patients previ- 
ously infected with other SARS-CoV-2 variants’, there are no relevant 
data on the effect of previous infections on viral load dynamics. 


Together, these findings suggest that vaccinated individuals are 
less infectious than unvaccinated individuals, although the duration 
of this effect has not been studied systematically. Nevertheless, there 
are some conflicting data onthe effect of vaccination on onward trans- 
mission. An epidemiological study performed in the UK found that, 
despite RNA viral load declining faster among fully vaccinated than 
unvaccinated patients infected with Delta, the peak RNA viral loads 
were similar, and the secondary attack rate among household con- 
tacts exposed to fully vaccinated or unvaccinated index cases did not 
differ". By contrast, data from Israel showed that less Delta transmis- 
sion took place in households with vaccinated participants than with 
unvaccinated participants”°. Another study from the UK showed that 
both BNT162b2 and ChAdOx1 vaccines led to the reduction of onward 
transmission from vaccinated index patients, although a stronger 
reduction was detected for Alpha than for Delta’”’, probably owing 
to the higher viral loads in the case of infection with Delta, as shown 
previously****’, Finally, another study found that vaccination was 
associated with reduced onward transmission of Delta breakthrough 
infection due to shorter duration of viable virus shedding’. 

Overall, eventhough the currently used vaccines are still based on 
the ancestral virus spike protein and elicit mainly asystemic rather than 
amucosal immune response, some effect on viral load, infectious virus 
shedding and transmission has been observed”??? Furthermore, 
with increasing rates of breakthrough infections in the Omicron waves 
since the end of 2021, many individuals display hybrid immunity con- 
sisting of vaccination combined with one or more natural infections 
before or after vaccination’**"™. It is thought that such hybrid immunity 
may provide better control of virus replication in the mucosa”, 

With the constant emergence of novel variants that can evade 
existing immunity, our understanding of the effect of vaccination on 
viral shedding should be constantly updated’. Better understanding 
of the role of mucosal immunity, and potentially vaccines that elicit 
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Glossary 


Chimeric antigen receptor 
(CAR) T cell therapy 

A way to treat cancer by using T cells 
expressing genetically engineered 
receptors to target cancer cells. 


Plaque assays 

Assays that quantify the number of 
infectious virions by counting plaques 
in a cell monolayer that correspond to 
single infectious particles. 


Cycle threshold (Ct) value 
The number of amplifications required 
for a target gene to cross the threshold 
determined by real-time PCR. Arbitrary 
test-specific Ct values inversely 
correlate with viral load. 


Focus-forming assays 

Assays that count the number of ‘foci’, 
defined as a cluster of adjacent cells 
expressing viral antigen stained by a 
specific antibody. 


Immunostaining 

A method for the detection of specific 
proteins in individual cells or tissues 
using antibodies. In the case of SARS- 
CoV-2, anti-nucleocapsid antibodies are 
used to detect virus in infected cells. 


Index case 

The infected individual who is triggering 
an outbreak or a cluster by transmitting 
an infectious agent to others. There 
might be multiple index cases in an 
outbreak or epidemiological study. 


Secondary attack rate 

The probability that an infection spreads 
from an index case to susceptible 
people in a specific setting (usually, a 
household or close contacts). The term 
is used to evaluate the risk of onward 
transmission of pathogen within a 
population. 


Seroconversion 

The development of specific antibodies 
in the serum as a consequence of 
immunization by natural infection or 
vaccination. 


sgRNA 
Subgenomic RNA fragments that occur 
during viral replication. 


TCID5o 

A measurement of the presence 

of cytopathic effects in cells upon 
infection with serial dilutions of virus 
specimens, which indicates the dose 
needed to induce a cytopathic effect 
in 50% of the inoculated wells. 


local rather than systemic immune responses, are needed to aim for 


viral load reduction as a means to control SARS-CoV-2 circulation 


167-169 


Influence of SARS-CoV-2 VOCs on transmission 


There are several possible underlying causes of increased transmissibil- 
ity of newly emerging variants, which allow VOCs to quickly outcompete 
previously circulating strains, including increased viral loads, alower 
infectious dose required to establish infection and prolonged period 
of infectiousness’”°. Furthermore, the immune-evading properties of 
new variants lead to higher susceptibility of infection for vaccinated 
and previously infected individuals and result in higher transmissibility, 
as was observed with Omicron’**"”. 

The rapid emergence of SARS-CoV-2 variants with altered biologi- 
cal properties has shown that knowledge on viral loads, viral kinetics 
and infectious virus shedding is variant specific, and each emerging 
variant requires a reassessment. Although understanding of muta- 
tional profiles and associated phenotypes of SARS-CoV-2 variants has 
improved, reasons for enhanced transmissibility are manifold and not 
all understood yet. To date, shedding characteristics and transmission 
properties cannot be easily predicted based on sequences. Unlike 
immune-evasion mechanisms, shedding dynamics, such as kinet- 
ics of infectious virus titres or incubation periods of the SARS-CoV-2 


variants, cannot be predicted from specific mutation patterns. Witha 
still highly dynamic situation in terms of viral evolution of SARS-CoV-2, 
understanding viral kinetics and their effect on transmission remains 
of high public health interest. 


SARS-CoV-2 diagnostics in public health 

Our ability to define the presence of infectious virus is key to guid- 
ing public health measures, as it will enable the isolation of infectious 
individuals to limit secondary transmission 


hus, arange of approaches have been 

suggested to find a proxy for infectiousness to guide isolation periods. 
One example is the detection of sgRNA transcripts, which are 
generated during virus replication, and specifically the synthesis of 


negative-strand RNA. 


cells, they are not packaged in the virions and can therefore serve as 
anindicator of active replication and thus of infectious virus. Specific 


RT-PCR assays were developed to detect sgRNAs in addition to the 


diagnostic detection of genomic SARS-CoV-2 RNA, but such assays have 
‘sensitivity than conventional RT-PCR assays. Some studies found that 


detection of sgRNA correlates with detection of infectious virus*”*"”, 


and that sgRNA was rarely detectable 8 dpos’. However, sgRNA was 
detected in diagnostic samples up to 17 days after initial detection of 
infection’ or in culture-negative samples”, probably owing to the 
stability and nuclease resistance of double-membrane vesicles con- 
taining sgRNAs. Thus, although the absence of sgRNA would indicate 
absence of viral replication, the presence of sgRNA does not necessarily 
indicate infectiousness”. 

Ct values have also been used as a proxy for infectiousness, as 
described above. However, as already discussed, low-quality specimens 
resulting from technical mistakes during the collection process can 
falsely indicate an absence of infectious virus. Furthermore, owing to 
the quick increase of RNA viral load at the beginning of the infection, 
alow viral load, especially in the absence of symptoms or in the early 
symptomatic period, does not preclude that an individual will not soon 
enter the infectious period with the highest transmission risk. At such 
a period, viral loads reach their peak levels, causing the majority of 
transmission events*”””°. 

Even though Ag-RDTs are less sensitive than RT-PCR, they are less 
expensive, can be performed outside of laboratory settings and give 
faster results, and so are useful tools to guide isolation and limit trans- 
mission’. RT-PCR tests have a limit of detection of 10°-10° genome 
copies per millilitre, whereas Ag-RDTs have a limit of detection cor- 
responding to 10*-10° genome copies per millilitre" !®°. Infectious 


‘assays’, indicating that Ag-RDT is a good proxy for infectiousness’”. 
However, the obvious limitations of Ag-RDT, suchas lower sensitivity of 
infectious virus detection towards the end of infection*’”’, should not 
be neglected. Ag-RDTs have also shown variation in their sensitivity and 
specificity for detection of SARS-CoV-2 VOCs**™, which is a challenge 
as new variants emerge. 

Overall, all of the currently available diagnostic methods have 
certain limitations for detection of infectious virus. However, even if 
these tests serve only as imperfect tools when used as proxies for infec- 
tiousness, their implementation as part of a public health strategy is 
notintended to prevent every single infection, but rather to reduce the 
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number of infectious people in the community and thus to decrease 
the number of secondary transmissions. 


Conclusions 

Entering the third year of the pandemic, much knowledge on SARS- 
CoV-2 viral loads, infectious virus shedding and windows of infectious- 
ness has been gained, although emerging SARS-CoV-2 variants and an 
increasing population immunity add more complexity to the situation. 


Although much progress has been made during the pandemic in 


the field of diagnostics, to date, no diagnostic tests exist that reliably 
determine the presence of infectious virus. 


Continuing evaluation of 


viral-shedding characteristics under these changing circumstances and 
understanding the biological properties of novel SARS-CoV-2 variants 
when it comes to viral shedding remain of importance to guide public 
health practices. 


Published online: 02 December 2022 
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